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Flexible Methods for 




Devices for handling nanoliter 
quantities of fluids are creating new 
fabrication challenges and finding new 
applications in biology, chemistry, 
and Materials science* 



George M. Whitesides and 
Abraham D. Stroock 



Biotechnology is increas- 
ingly about larjge' numbers 
of experiments, such. as analy- 
ses of DNA or of dnigs, screen- 
ing of patients, and combina- 
torial syntheses. All of ; these 
procedures, require handlings 
fluids. As the number of 
experiments has grown; the. 
devices used to carry them out 
have shrunk, and the strategy 
of "smaller is 'betted has 
begun to transform the world 

of fluidics.as it has/transformed the world. of electronics; 

Theneedin biotechnology applications to manipulate- 
fluids moving in smalt cHannels-a process called 
microfluidics-has stimulated three; new areas ot 
research: development of new methods for fabricating tlu- 
idic systems, invehtioh of components; from \yhich tp 
assemble functionally complex fluidic devices, ^and exami- 
nation of the funaamenM behavior; of fluids in small 
channels. 1 Developirients m mjcronuidic :technplogy. are 
also ^ rantribuiang^o new experiments in fundamental bipl- 
ogy r maferials;sci^ x te 

Inferesi in microflmdics has been largely motivated . .by 
applications, and dimensions ^ fluids: are ^ctafed by 
these applications. The most mature; m^^ 
^^i^rjeiprkting, which uses orifices ^ 
ih disjneter for the 

m ; g is Mpidly fihdmg a pl^ in biotechnology for the-dehv-; 
• ery of reagents to nu^^^ 

of DNA into arrays on the surface of biochips, Capmary elec- 
trbphoresk-a widely used technique for separating diner- 
ent chemical species Aaquepus solutipns .of biological ^sanv; 
ples-m^^^ 

5uWm inner diameter. Hand-held- systems deyelope^by; 
jiS&t^ 

were the first commerdaUy developed small ;analytical,sys- 
terns; and use submillimeter^ channels. The complex 
devices how being developed for/ biological -applications-- 
with the analysis of DNA (for genetics .and ^ 



ic devices, they are small 
enougn so 7 tKafflows in them_ 
behave quite .differ ently than 
do the/ large-scale flows that, 
sire ; &imiiar from everyday 
life; The components needed 
:;at *ni^^es. .f^'ltKercfore' 
often quite different; from 
those used at large scales. 

To design the compo- 
nents, (required for complex 
microfiuidic systems,, it is 
first hecessa^ 
the properties of fiuids/ilowmg in. small channels; Fortu- 
nately, new, flexible mfethods,qf fah'ricating microc^ 
nels, commnM%^ 

microscopy that make it possible flows, in 

these channels, allow the- ;phy^ of micrpflpws to be 
exammed at preyiPusly 

The first inicroSuidic^ 
Manz (now.at Imperial^ ™ e 
University of Alberta), Michael Ramsey: (Qak Ridge 
National Labora^^anbV^ 

fa^cated^iii silicoh^glass by conventional; planar fab- 
rication techniques-photolithography and etching- 
adabteWn^ 

ods are precise*ut expensive,,^ 




photolithographic nucrdfabricatipn method^^ are based on 
printing, and. mpldingv.organic materials^ and are much 
more straightfonvard than photolithography for making 
both prototype devices and special-purpose devices lor 
physical investigations. These methods also n^ 
tical to build Uiree-dimensi6nalC3D) n^ork&of. channels 
and components: jhey thus offer access to n^-types of 
fluidic elements, such as valves and pumps :fabncatea pt 
elastbmenc materials. . In addition, they offer the high 
level of control over the molecular structure of the chan- 
nel surfaces that is required; in biolpgical apphcations; 
Perhaps most important, they bring the technology n?ea- 

i r i ^ 1 „ i' Av, w, Wnfl n4^ir» woViraS out - 6t clean 



profeins^^^ ^SbSelS 

fem^tOT^ I^W^ m laboratories of ; the biologists *nct 

d^nnS A k^^^m ^ ^pursuing, the ^s^^ 

comhiera^^ cuemist 



IJnl^emicroelecbbnics 
sis is on ie^ducihg the size of transistors, nncrpflmdics ^ 
focusing on making more 'complex systems jafi -channels 
with more sophisticated iluid,hahdling cap^ 
rather than reducing the size pMhe.chan^^ 
terns require the same .types of components as larger 
fluid-handling systems: pumps, valves, mpcers^ mters^ 
separators, and the like. Although the sizes of channels, 
areiarge relative to the size of features in microelectron- 

GEORGE WHITESIDES is Mallinckrodt Professor of Chemistry and 
aentictMoIogy and A^^HAM.Sl^OOCK is a : gradfiatc stucient in 
the departmeiitoj 'chemistry and dwnical Biology at Har^rd University 
in Cambridge, Massachusetts. \ t . 



chemiste;?^ 

Flows in microehannels 

Laminar flow 

iafcs^ 

order of 50^ 

characterized by low Reyn6% number, Re. As described 
in box 2, flows iii this regime are lammar/not tobulent: 
The surfaces "of constant flow speed are smpoth over the 
tybical dimension of the:system, and random fluctuations 
of the flow in time are absent/In the long, narrow geome- 
tries of microctianhels, flows; are also predominantly uni- 
axial' The entire-fluid moves parallel to the local orienta- 
tion oftiie.w^^Mi^fi^^^ 8 ^ 81 W™2?'?u- 
is that all transport of momentum, mass,, and heat in the 

direction normal to the flow is left to molecular mecha- 
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nisms: molecular viscosity, molecular duTusivity, and ther- 
mal conductivity. 

Pumping in microfluidic systems is accomplished 
using either pressure or, for water and: other. very polar 
solvents, electric ; fields. Pressure-driven motion, termed 
Poiseuille flow,- is' well understood but has two, disadvan- 
tages, First, designing and fabricating reliable mechani- 
cal pumps iri'the traditional materials of silicon, and glass 
has been u difficult: These ' devices require multiple levels of 
fabrication, and are easily damaged by particles of dust 
and contaminants in the fluid. Second, as- illustrated in 
figure la, Poiseuille flow is characterized by a parabolic 
velocity profile over the cross section of the channel, with 
zero velocity at the walls and/a masamum at the channel's 
center. This nonuniformity in flow speed occurs because 
the imposed pressure exerts a uniform force over, the 
cross-sectional area of the channel, but momentum leaves 
the flow,, due to interactions; with the solid boundary, only 
at the walls (see box 2). The parabolic flow profile distorts 
a volume of fluid as it flows down the channel. When used 
to separate different molecules in, solution, such a .flow 
spatially broadens the bands of distinct species. 3 

Electrically driven flow, known as electro osmosis, 
offers a useful alternative to pressure-driven flow of 



Figure 1. Flow profiles in 

microchannels. (a) A pressure gradient, 
—VP, along a channel generates a para- 
bolic or Poiseuille flow profile in the 
channel. The velocity of the flow varies 
across the entire cross-sectional area of 
the channel. On the righ t is an experi- 
mental measurement of the distortion of 
a volume of fluid in a Poiseuille flow. 
The frames show the state of the volume, 
of fluid 0, 66, and 165 ms after the cre- 
ation of a fluorescent molecule, (b) In 
electro/osmotic (EO) flow in a channel, 
motion is induced by an applied electric 
field E. The flow.speed only varies- with- 
in the so-called Debye s;creehihg layer, of 
thickness- A D . On the right is an experi- 
mental measurement of the distortion of 
a volume of fluid in an EO flow. The 
frames show the state of the fluorescent 
volume of fluid 0, 66, and 165 ms after 
the creation.of a fluorescent molecule. 5 



water, but has its own weaknesses:; 
sensitivity to impurities that adsorb 
on- the wall of the channel, phniic gen- 
eration of heat in the fluid, and the 
heed for high voltages (oh the order of 
kilovolts). In electroosmosis, illustrat- 
ed in figure lb, an electric field gener- 
ates a net force on the fluibl hear the 
interface of the fluid with, its solid 
hdundaries> where a v small separation 
of charge occurs due to the /equilibrir 
um adsorption and desprp.tiqn^fiiqns: 
For water in contact mtWdUii^ Me 
ionization of silanol groups (Si-OH ^ 
Si-0~ +,H + ) leads to about one nega- 
tive, charge per 16 iim 2 of the silica 4 
surface. The excess cations aire local- 
ized near the interface by Coulombic interactions. This- 
charged region near the interface, called the Debye 
screening layer, has a :ttnckhess >\ D thatis typically less> 
than 10 nm for aqueous buffers used in bipchemistry. As 
the.dfruid in the Debye layer moves toward the -oppositely 
charged electrode, it carries with.it the bulk of the liquid 
in the 'channel. As a result,. ^ velocity profile ^essen- 
tially flat across the charineL 3 This type of flow is ideal for 
separations based on the charge r to-size,ratio of the molec- 
ular components of biological .samples in solution, since 
broadening 'of the separated hands of a^ipfering species 
occurs only by difeision, not. aS -a", result of the differences 
in flow velocity across the channel. Because of this ten- 
dency to separate\species, .electrodsmotic flow is. usually 
notweU suited for transporting muiticomponent solutions 
when separation is not desired. 

In the laminar flows generated by these pumping 
schemes, adjacent streams of fluids with different chemi- 
cal composition remain distinct except for .diffusive mixr 
ing at their interface; We have studied this diffusion 
process in Poiseuille flows using fluorescence confocal 
microscopy. The confocal microscope allows us to visualize , 
the 3D shape of the diffusively mixed region between 
streams of solutions that contain molecules that become 
fluorescent when they react with one another. We found 
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Box 1. Fabricating Microfluidic Devices 



*Tlhe standard, methods- for fabricating' microfluidic devices 
X were inherited from, the microelectronic industry. Pa* 
rtirSiCof 'etcn.resis>s-;are defined on rigid, planar substrates such 
as silicon witkphptoUthography or electron-beam lithography, 
and'relief ^rutturesrare then : created with reactive-ion::or -wet 
^tcning. 2 * f he advantages^ ^--m^odcl^ai^^^^^ 
resolution (about v 100 nni) and parallel prpce^sing-phptoh- 
^^^hy, and : ^ in; a single step.;.The 

.highiy ? develbpe3 methods ^i^oxo^xkp^^y, hpw'eyerj have 

are^e^ensi^:&ey^equ^ inconvenient 

ing of; channel- smictur^^and they ^ovide- nofsimple method 

dtinte^nnect^ 

tion, mtro3ucd6'n^;and;;anailxs£0. : , .■■ .- „ 

; ' Organic polymers^^^^ a^temattyeftec^olbgy 'for- the 
fabrication ^6tfficrp : &m4*cvsy^^s. These materials are espe- 
cially userultor bidlo^cal application solu- 
tions are^imost uniYersally used and the highest temperatures, 
required Xabout l^ 6 ^ : for steriUzatioh) are easily tolerated by 
manj pbl^me^ are the technologies' 

most comrhpnly -^dfiq^ncaise. microstructures from poly- 
nters) fearid ot&erf have'^^<5^d ; a set of methods iforj-xhe. 
^rapp^o^b^^ softUtKog- 
: ?r|phy^e eSmmdiilyma^ 
vsuicbne elastomer^DMS (pblyd 

n^mte^^^ low.toxiqxry^ 
) ^d^ommerdial ^^^iix^^Bicy fror^theyisible into; 
Sj^h^r ultraviolet;^ c 




' trequiredi. .„ , 

' : The#igure shows how we^use^a • t^paw^fpltoted^on a* 
1 '-B^^l^otitpnMr ^;. a mask - for phoTolithpgraphy . A 
primer.using about- 5p00 ; dots per inch generates smooth 50-/im 

f£^^ 




form : a Sealed channel struct^ 
PEMS^reph^ and^ bring, it, into 

/ contact witK-cfe^ ^an^ther^ 
Activated 5 bars. 

Without oxidation, PDMS will -also -form ^w^m^W^ 
r cov^^nt s'eaT wheii pressed; against itself,, glass, or most other 
smb£thv surfeesp these reversible, seals are useful when ;a, 
demountable^^ 
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ReU'ef/sirxu^re 
in photoresist 
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&rople Injection reservoirs; 



PDMSj, glass;.. 



Variationsrc^ litiipgraphic methp^ : have bee% 

developed recently ;b^. Steve ^ 

Davi&Beebe^ ^ ... ~ : 



tftaVtfce w^ 

near the -center of the; channel, where :Jhe flow speed is 
almost uniform, and w;:j^)W^e^;ifie^:^d bottom 
walls, where '^e'-3i6w%efed : is K ffi^i^ rapioUy asa func-- 
tibnbf the rdfetapce from the wali. Here, D is the molecu- 
W dlffusivity and r is ;the;^e&k'te* two streams have 
been in contact/ These resiilfe agree with; dimensional- 
scaling arguments th 

port theory; known as tlie ^v^w^bl^ifflr-' diffusion 
perpendicular to the, walls; 4 

More complicated, nonuhiaxial fluid motion can be 
generated, by creating patterns along the, walls of 
microchahnels. The dependence of the speed and direction 
of electroosmotic flow on the charge of a channel's walls 
means that flows can be tailored by controlling surface 
properties, Figure 2 shows an example in which an 
applied field parallel to a surface patterned with regions 
of positive and negative charge generates convection rolls 
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inside a microchanheL? -M^^j^i^^^^^M^^ 

^as 'modeled, a^v^^ 

in the; presence^ 

charge and- variable chahnel g^bmetry; 

•Another pumping -scheme that involves pat^ 
the properties of.the. walls of a microchannel uses surface 
tension to moye ; drops bfa fluid surrounded by air. -Spatial 
variations in ^ temperature iotthe walls of the channel 
create, gradients <in the tension of the, h^uid-yapor inter- 
face of the drop: The; surface tension decreases as tJie tem- 
perature-increases. By Duilding resistive heating ele- 
ments into the microchannel wall, the, group of Mark 
Burns at the University of Michigan can move drops of 
fluid in a channel hy heating the wall near the rear of the 
drop. The decrease in the surface tension from the front to 
the back of the drop pulls: the drop through the channel. 
The advantage of moving independent drops of solution in 
microchannels is that the contents of each drop may be 

hup;// www. physicstoday.org 



kept separate from that of neighboring drops. 6 (See also 
PHYSICS TODAY, January 2000, page 9.) 

Microfluidic components 

Pumps, valves, and mixers are some of the basic building 
blocks of any integrated ^ microfluidic system. There is still 
no broad agreement on the best designs for these compo- 
nents or even on the materials to be used for their con- 
struction; the technology- is ^stffl. a work in progress. Ulti- 
mately, mosfrbioanaiytical systems-will probably be made 
of polymers because these materials are inexpensive. 
Application^ involving organic solvents or high tempera- 
tures may require glass. 

Figure 3 a shows an example .from our group of a: valve 
that exploits the elastomeric character of polydimethyl- 
siloxane (PDMS). This passive check valve is a fluidic rec- 
tifier. Pressure in one side of &e; device prevents fluid 
from flowing through the device; pressure -in the other 
side 'opens a flapvand allows the fluid to fldw r 

Figure 3b shows a mixer designed by David Beebe's 
group -at' the University p£TOscohsj^ 
yersityrof Illinois) and jlusixates the .types of new- devices 
that must be developed to perform familiar functions* when 
turbulence jsno>longer available; as. an aid. This 3D serpen- 
tine channel acts as a pas^e ; rrnixer^^ 
fluids based on a type>b| i chaotic Sow kno as Chaotic 
advectiom Chaotic advectioniaprjears 
flows an& 

cbntmiiously stretching; diflereht volumes of the fluid and 
folding /them into • g$£ aWter,, quahtet^ 
pathtal^nby^ 

sensitive/ way oh ife > eicb^ series of ivealc sec- 

. ondary flow pr eddies, prekeritjE^^ 
of chsjMiels}lfoai^ 

Tfemtegratidh bf c 
is fec^ated by tae w Quake 
and i coworkers at Galte^^have mte^atedi pumps and 
yalv^- to ^nerate^a micro flo^<jj^i^ 
sorts biplogical cells usin^a Inunction; watfr and 
valves ih Me arms coh1^11efl^i^eol;:on tK&sigrial from: a 
fluorescene^ 

channel system can jneasure /the;; size ojf mdividual; fluo- 
resceritly labeled DNA frajpihent^^ 
their,;size; ^e small defection yol^me (less 1 pL), in 
these inicrpfa^rica sori^ra. increases the- sensitivity of 
the device for the detection of single i-cells :6t -rnofeuJli^by 
decreasmg the backgrounpl^signal due to the carrier fluid. 

Miarofhiidic^in the laboratory 

With the availability of simple techniques for fabrication 
and basic designs: for components, inicrofluidic devices 
become versatile tools. One problem addressed. by these 
devices is that of uN^vMng^ 

with subcellular accuracy The strategy we have usee! is to 
allow the cell to attach to the floor of a Y-shaped inicrpchan- 
nel system and then 

laminafly flowing buffer, as shown in figure 5a. The cell lies 
downstream from the Y. Two different aqueous streams are 
pumped into the two arms of; the Y ; One is an aqueous 
buffer solution of trypsin, an enzyme that cleaves proteins, 
commonly used in biology to disconnect ah attached cell 
from its substrate by cleaving the proteins that connect the 
two. The second stream contains buffer alone. Because 
trypsin has a high molecular weight (about 35 000 atomic 
mass units) and thus a low diffusiyity (about 10^ cm 2 /s), 
blurring of the interface between the two streams is rela- 
tively slow. The position of the interface in the channel can 
be controlled with an accuracy of a few microns by control- 



Box 2.. Fluid Mechanics in Micrpchannels 

The first^step' in. modeling a Bow is" to, predict if the flow 
will be: jajainar pr mrbulent based^on die Reynplds/num- 
berV Re* The Reynolds "number^ the; ratio of th£ inertial 
forces, to the viscous forces acting pn a.smali element of fluid. 
In inicrochanneL be written. 

asf : the;rati6 p|^e)l^eucenergy : - of a volume of liquid hi the ■ 
5 flow to the energy dissipated, by that volume in the shear 
caused.; by.' . 'interactions' with its solid • boundaries: 
ReJ^ptyftfofo is the 

density, and U is the: averaged 

characteristic Jinear dimens ratio ottbe volume: V 

pfth^fluxd to tie ; s^ 
. example, ^ ipng,$nimw 
10b : #md^p^^^ 

(for which £ is the & flows are lam- , 

lhar-for-ije*<^20C6,. TaBng;l : =; 50:^m f or a-rn^ . 
p = -l fgA:in? and p^^^^^j^lot. water, :wey&&)&at 
flowson micro^ 

than 10 m/s>^^ ' 
• are. l cm/s or less^g^in^i?*^ lysq we c^ ; .bejcc«uident in 
; applying lpw>#e m'ode& 'to^micrbiluidic^flows; 
,At ; low^ 

, Nav^ equation . are abseritv Amnia^ 

dble flow at Jp^w; Ae%gp^rned by '/ " . ' ' 



<dt; pj p ax ?p» 



a). 



Herey ti^ ;^isi^e;'yelpc? 
ity fiela along die channel,^ is'-fe pressure, and ^ is the net 
^celper umt^olume^ 

^iprisj. >TJK#bpuna^^ 

(Recentg^ vahdity 
-oTthisri^ 

iNfpte the smiilarity of this equation to the aiffusiori 
eaua^n |^ 0 f the 

^ohcenixation; of :£he^cal species in a fluid, and tM heat 
Equation (<D 

tribu udiis ; of temperature. In ;equation4> we see;that pressure 
:^$ents vahd body ^rc^ act a^ sources or smks:£f (fluid 
-moupn|and 'this rnptmn; spreads acrossr^e^id dif^asiyely 
with an •effectK^;cdin^ the 
.kinematic : ^yisicpsiiy^, vLike ^^p^pUcmzr^ diff usi vify ^and 
thermal (diffusiyity has its origins ?in She ^o^amics^nd 
interactions ot hiblecul^ that transfer nlpnon^ (coherent 
flowing.motionjn:^ 

. WJiilS .n^ro^ie wale «foclSjre>r '^6ugb <: /to 
ensure lpwr^^-fe 

grairiiriess of fluids; beepmes •3mpprJfcari^ i 'fiyen;. for gases in 
rni^c^hanhels^ m 
isuc volume.element 

L?; the fluid behaves lilu>a:contmiMm)-' a^d!'tnie%avler«-Stokes 
requation giyes an accurate ;descriptipn of the flp^w;^ 

ling therate at which liquid flows into 'the two.arrns of the 
Y. In this, e^erimeht, the interface between the streams 
was centered over a celL The trypsin released half of the 
cell from the substrate; the half exposed only to buffer was 
unaffected. This ability to. treat a portion of a ceil 1 selective- 
ly with a reagentpresont ^ in a stream :6f flowuig buffer pro- 
vides new capabilities iq cell biology. For example,, scien- 
tists can conduct experiments on one part of a ciell and use 
the other part as a control/ or they can label part of the cell 
surface (or, in some cases, the cell interior) and monitor the 
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400 fim 

FIGURE 2. PATTERNING THE SURFACE can produce nonaxial flows in microchan- 
nels. Here, :th*e bottom of the channel was patterned with regions pf positive (<r+) arid 
negative (cr.) surface charges, and fluid flow was driven by. an. applied electric field E. 
In the panel at the right, the trajectories of electrically neutraljfluorescent beads 
(black dots) in two adjacent rolls reveal,the stfeamlihes.of the flow. The black arrows 
indicate the direction of flow. 5 

evolution of the ceU'spositionrStriicture^ or environment^ 
A second problem of broad interests cell biology is 
that of observing the. behavior of cells in gradients (see 
Physics TODAY, January 20bd, page :24). How does a, cell 
sense the gradient and How it respond to/it? The net- 
work of channels in figure 5b forms gradients in the- cpri- 
cenitration of molecules present in a streamof buffer. The 
strategy is to start with a small number of fluid streams 
and then to allow them to divide: and >np: into multiple 
sfeamscar^n^^ 
tiple streams into a single sfe 

in^r flow, allows ihe gradient to.be propagated along the 




500 



Indicator 



Cycle 1 



Cycle 2 



Cycle 3 




length of the larger channel with only 
aiffusional broadening of; the gradient 
profile. In the microfluidic system 
shown, a linear gradient from red to 
green with three gradations is trans- 
formed into a linear gradient with nine 
gradations. The; horizontal channels 
with serpentine profile allow the two 
streams flowing lamiriarly through 
them to mix their composition com- 
pletely by diffusion. The serpentine 
form keeps the/device compact; it does 
not influence mixing (unlike the chaot- 
ic advection mixer of figure 3b). By 
changing the. number oif input channels 
and the order in which the different 
initial solutions are mjected, one can 
generate a variety of smooth, gradients oyer relatively 
broad channels (up to millimeters) with a limited number 
of initial solutions. 10 

A third problem that can be addressed .using laminar 
flows- in microchahnasis the 'measurement of the kinetics 
of chemical reactions that are; ;^tiated' ^mixing- two or 
more, components. The< strategy used is. to inject the reac- 
tion component solutions into/~adjacent streams flowing 
laminarly in a single channel; At .the interface between the 
streams, the components mixiby diffusion, which initiates 
theVreaction.. For steady injection ,or|pluiio^8.pf iCoiisMnt. 
composition, the flow, the degree of mixing and, the state 
of reaction reach a steady state in the stationary frame of 
the laboratory; observing the state of the reaction at dif- 
ferent distances downstream from the point pf injection 
allows the temporal ! eyolution^of ^ ,the; reason; to be moni- 
tored. 'Figure 5c ^hbws how controlled mixing between 
a$acenV^ to study the early 

stages of protein^oiding. An.|fly^tage of this method is 
that $e- width^ can be reduced, by 

n^h^yii^i^c^ toiloy^er ^e,;mb%g ^^;(^hich 
scales as j&eKSjnmr^ 

The experiments achieved submilUsecpnd' resolution^ for 
the measurement of the^ irutial collapse of the protein." 
;0eeSsoPi^Sl^ 

Whatfs ne^^fe 

haps unusuad fluids; certannly, applications. Some work'on 
nanbineter-scale fluidic systen^lias; already begun. The 
group of Harold Craigheadi at Cornell University has 
demonstrated that hlgh-molecularTweight DNA can; be 



Figure 3.Microfluipig gompone^s. '(a);A check 
valve m a multilayer stw 

(PDMS). Ilxe uppef schematic shows the valve in the. closed 
^position: Pressure applied from the right presses the: flexible 
diaphragm against.a post, blocking flow through the hole in 
the .center of #ie diaphragm; The lower^schematic shows the 
valve in the open position: Pressure applied fro'm the left lifts 
me diaphragm ofr tne '^ost and allowSrflow through die, 
diaphragrn hole. The image on the right shows flow of. a fluo- 
rescent fluid through the valve-.(b) The de'sign^of thjs chaotic 
advection mixer exploits the character of laminar flow in a 
three-dirnensional serpentine channel to mix adjacent streams 
in a single flow! A solution of ; pH indicator runs adjacentto z 
stream of basic solutiqn.and reveals the progress pf mixing. As 
the two solutions mix^the indicator becomes fed. Mixing is ^ 
efficient even at low Reynolds numbers: Although the flow is 
laminar, there are weak eddies in the corners/ 
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separateci by ; ejecjfcw^ 

miefocnactoel about .SO^/fm^de^dl- ?^ iohgj^wiiHb. -a- 
depth that alternates between 01 and l#th along its 
length. The thick^ sections of the/ channel retard; tie 
progress ofc small -fragments; ' more" 
JlJ^ ? .i^e^-ftagnien% 'T^ftgaffS^. 



Figure 4. Pressure-driven cell sorter is one example of 
an integrated microfluidic device. The fluidic chip contains 
two layers, of channels sep^ated by a- thin,:flexible m<embrarie 
of PDMS. Channels in the lower; layer carry liquid samples for 
analysis; channels in the tipper layer carry aih. Valyes;are 
formed ;at the crossing points between- channels in the two lay- 
ers. Raising the air-pressure in an upperlchanhel^ 
: interlayer, membrane : at the crossing point and closes the lower 
channel Neighboring valves can be activated sequentially -to 
act as a peristaltic pump. Such a three^y^ve ? irrangernent, 
yiewedhere from above, pumps: in a sblution continihg cells 
toward the T-junction. Double -valves on each branch of the T 
di rect the flow based oh - die; si^ai from a fluoresce^ 
just upstream: of the T; JfiWrc^pattt^ top left .of the 
image is ah alignment m 

qhultilay er p oly mer device^ ■ " 

the- opposite- of what happens )\ on. standard ■ ;gel : .-eleck 
trophoresis, in.-wbic^ the small fragments-, •travel more 
(nnckljr ^ thah:the>larger ones. 

Transport: phenom^ channels arenot 

well understood! %A .in pomus *m'4ieriaJ5| ' ffiep^^aid 
simulations alLsug^^ hel&wor— 
such^s slip^ 

of transport coefficients — will emergiB^as thevSize of chan- 
nefe%hruiks; 12 T^ier>>will be #ays>%^ • 
nomena m^^i^i^ofiew fliiMe-cp 

The uselof noh^N^wfeiuah fluids; M^viucfr 'tBVviis- 
cp^ity depends on thevshear; -irate* is aiidtHer ^prpnusihg 
direction for the development .of : >nuGr6flut^dp' .devices. 
Cdlloidal suspensions .3m& ^bnceht^ated; Joiymer solu- 
toons; '^hich^h^ are "cphimohi 
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larJ^UH : a^cbw. As ^ shpwh^arlefti a 
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injected 1 b^He^str el^ 
Jftffer;so^ 
;toithe M 
the npcroo^ witS 
•tripsin: As seen;;at ^^zk^f:^eixezt- 
mentj .the .h^ pf-t^ cell exposed to 
trypsin has. become, detached. 5 ^ , 
entforniat^n hy a 

. nelsv; Tjitfee input ^ 
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-are •t^ansfbrni^ intanine output spluripnjs 
with a;llnear graa^ehi ^ 
na£ flows ; ' m^iWcrbc&toel..! inak$ possi- 
ble the -study of prote^ folding. Asoiu- < 
tibhbfriden^ 

at ;pH iis 'mjep^zpiio^&o^mt 
between two rapidly flowing streams of 
buffer at pH 7" The width of the stream 
of;prptelnsolu^ 

the speed of the neigjibofing •streams: Dif- 
fusive mixing of .the sidfe streams into the 

uiduceH63a^£ : l^'rs»uis't»f:^ia&cu' 
can be measured at idifferent stages' of I plii- 
:inghy:shining ah x-ray beam at various 
positions albhg the channel. ^ 
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examples of no'n-Newtonian fluids. In such fluids, the vis- 
cosity either grows (shear ttrickenirtg) or decreases (shear 
thinning) with increasing shear rate. There are examples 
of tohulentlike instabilities in flows of non-Newtonian 
fluids, at io w Reynolds number.- These 'instabilitiesj named 
"elastic t^bulence^ could perhaps Be.: generated in 
niicrofluidic channels. ;to. act as efficient mixers. 13 

WliMe microfluidic devices-are beginning; to be cpm- 

• mercialized, . there; <is still no standard for even the, sim- 
plest components such as pumps j valves, and mixers; the 
held remains open for exploration This exploration is 

• fa.cihtatei toward simple fabrication meth- 
ods— rapid prototyping based oh the molding of elas- 
t6m'er^^that reduce. cori 

\allbw^€ ;inechanicM properties of the ^ flexible substrate 
tor$ay a role to^ 

CurreriVmicrofluidic devices are usually attached to a 
^oroughlyirAa^^ 

optical elements;, and fluidiciinte^^ces for therintroiduc- 
tiba and .extrac^oii of samples; v Ah open challenge rs the; 
chip-scale integraUoh of :mul^ple fluidic components with; 
electrical and op^ 

There ako remairis plenty of room for the mvention of! 

labor s&oryii Imagine a ^slurS sxiacle from a fabric of 
rm^ociiaimlel^ ^dm^pr^g^tal 
&gfi& jaiid eirtir^^ 

er|itfjpiq£d^^ ^ 
We ore grate ffi^ 

"arid : ''Er^i^0ng r yHapxurd^ Umw^{0'f6r[ 'helpf^t sugge's- 

DARPAr NSF 'MS-97294051 NIH: GM51559; <wt&> NSFr: 
DM-9809363'MRSEC. A^D.S. was supported l by Mi^'ifpfec-^ 



References: 

1. See ; the articles in the proceedings of the Micro Tbtal Analysis 
Symposia,. in^ 

Bergi P.; 6ergyeld, edsij. Kluwer, Dortrecht, the Netherlands 
(1994% Micro Tbtal Analysts Systems '98, D. J. Harrison, A. van 
4en Be^ j ej^. l ,Kluwer, ^i^^t:(l^)^*cro Tbtal Analysis: 
Systems WbO, A. van den Berg^ W Ql&uis,.;B 'Bergveldf eds;, 
Kluwer,;I^^ 

2 G. T- A. Kovacs, Micromachined Transducers Sourcebook, 
WCB; .Boston (1998), A..Manz et aL, Chimin 45, 103/(19191*). 
D. «J. H^son et aL,;^ 

3: ftH: £aM,^ Chem: 70, 

12459(1^ , V;' . 

-4; R. B r . Bird, I?ah%p^ PA*cndm^/ia, Wilefr New York :(196(jj. 

6; ;Hl A. Burns et alj Proc. ; Nd& AtkuL Sct S'^ 93; 5556 

;(1996). ~ 
% R..H. I^ei;^ 

/»/^f-6a^ridjg^'Ii: v Press, ^mbridge:C198S): 
8'. • mAd^0^Sk ^&nce^M^ ia3i(|otfox : 
9,; S. Takaya^ :Natl. Acad, Sci/USA96, 5545 

;ti999)i \ Z ' . '.. .'" *"■"" 

10., N. L. Jeon et al, Langmuir 16, 831i; (200b); 
11. L. Pollack et al., Proc. Natl. Acad/ScL asi;06, lO115 pL??9), 
12: R.;Bit, H. Hervet, L.I^geiy P%s; Rev. Lett 85 it 980 (2000); 
. J.-L. Barrat, L. Bocquet, P/tys. Rev. Lett. 82, 467i;;(1999), 

13. A. Groismari, V. Steinberg, Nature 410, 905 (2001). 

14. J CVMcfionaid e^ 

15. S. R. Quake, A. Scherer, Science 290, 1536 (2000). D. J. Beebe 
et aL, Proc. Natl Acad: ScL USA 97, 13488 "(2000). 

16. J P -Brody et ^,; Bi6fkys.J. 71, 3430a^6% S. Yogel, Life 
in-Mquing'Fluifc: ; Tte 

;Kess; Enrice^ ■ 



MM visualization . '. ' \ ' 1 



I 



mmmmm 

2qpi 

jan/Feb' Cimputalipnal: 

Mar/Apr QyahlumGbmpuiing 
May/jom AMericils^ ^Science' 
Jul/Aug TomcffOv/i'Harcleif 

frbbleriu: 
'Sep/Oct' ^onblechnblogy; . 

Modeling 
Nov/6ec Bi^ngiifi^eerihg 

EdiloHfHChief:.' Froncjs 
'Compufirig Sciences 



Save up tc^Si 

oflfillote slofus^itn^He 
' Awencan IhsHtuie^ ' 

;^lpfiiU/&pn(ine 5 
^$39 print only 

is $65/yeor. ; 




AMERICAN 



Subscribe to CISE online or by ; 
calling foil-free! 

hMp://ojps.aip.org/cise i 
5} 6*576-2270 outside the USA : 



ifn V. 



|?;51|XYZ fSSano-l 



Positioner / Scanner 



3 C. 3 }''-' c>$r®^%^^ 



Circle number 23 on Reader Service Card 



Circle number 24 on Reader Service Card 



